We have investigated the influence of nanosized particle concentration on rheological properties when mixed with a magnetorheological (MR) fluid. We have also studied the structural, morphological and magnetic properties of ferrofluid-based MR fluids (F-MRFs). Field-induced rheological and viscoelastic properties of F-MRFs with varying shear rate and strain amplitude have been investigated. The HerschelBulkley model was found to fit well with the flow behaviour of F-MRFs. In the oscillatory strain sweep test, F-MRFs show linear viscoelasticity at low strain and the storage modulus (G 0 ) is higher than the viscous modulus (G 00 ), which indicates the existence of strong links among the particles that form the microscopic structures. The storage modulus increases with increasing weight fraction of nanosized particles. Furthermore, the loss factor (ratio of G 00 and G 0 ) was also investigated as a function of magnetic field strength. In addition, time-dependent relaxation behaviour of magnetically induced chain-like structures has also been described. The study reveals that the addition of nanoparticles to MR fluids increases the viscosity as well as the fluid stability under a magnetic field.
Introduction
MR uids are systems in which micron-sized magnetic particles are dispersed in a non-magnetic medium. These are complex uids and exhibit a remarkable change in their rheological properties under the inuence of an external magnetic eld.
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The important characteristics of these uids are yield stress, viscosity, and settling rate, which make them suitable for technical applications. [5] [6] [7] These properties can be tuned by optimizing the synthesis parameters and choosing the ingredients. [8] [9] [10] [11] Some problems, such as particle aggregation and settling rate, affect the performance of MR uid and restrict its use in applications. [12] [13] [14] To rectify these issues, different procedures have been adopted like addition of thixotropic agents or surfactants and use of viscoplastic media, but sometimes these processes hinder the MR effects. Recently, it was reported that the use of ferrouid (FF) is an effective way to reduce the settling rate of micron-sized particles in MR uid. [15] [16] [17] [18] [19] On the application of a magnetic eld, the micron-sized particles become polarized and gather in chains or clusters due to dipole-dipole interaction. It is seen that formation of these clusters creates microcavities within the structures. These cavities are easily occupied by ferrouid nanosized particles making a kind of colloidal nanobridge (CNB). [20] [21] [22] Thus, nanouid-based MR uid improves its stability and becomes more favorable for various applications like dampers, clutches, lubricants, and bearings.
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The present work deals with the preparation of MR uids and further mixing with varying volume percentages of magnetite-based ferrouid nanoparticles. Before carrying out magnetorheological investigations, the uid mixture was investigated for its physical properties, like structural and magnetic properties, by X-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM) and vibrating sample magnetometer (VSM) techniques. The effect of FF nanoparticles on the stability of such bidispersed MR suspensions has been investigated by examining viscoelastic measurements using a magnetorheometer at different eld values. maintaining the pH at 9-10. The formed nanoparticles were magnetically decanted and washed several times with deionized water to remove unwanted residual salt. The wet slurry was dispersed in kerosene and centrifuged at 12 000 rpm for 15 min to remove aggregates. The separated supernatant was labeled as ferrouid. MR uid was prepared using Fe 3 O 4 micron-sized (<5 mm) particles acquired from Sigma-Aldrich. The powder was mixed with acetone for wet grinding at 400 rpm for ve hours in a Retsch Co. Planetary ball mill. The weight to volume ratio of tungsten carbide (WC) balls and powder was maintained at 10 : 1 for effective grinding. MR uid was prepared with a 30% volume fraction of ground Fe 3 O 4 particles with a small amount of oleic acid added thereon as a surfactant and then dispersed in kerosene. The synthesized MRF was stirred and homogenized for half an hour. Thereaer, the MR uid was mixed with different volume concentrations of ferrouid: 5% (sample A), 10% (sample B) and 20% (sample C). These F-MRFs samples were ultrasonicated for 20 minutes, followed by heating at 60 C for an hour (Fig. 1 ).
Experimental

Materials and synthesis
Characterization
The XRD patterns of the samples were recorded on a Rigaku powder X-ray diffractometer (Model XRG 2 kW) with a scanning rate of 0.02 s À1 and 2q range from 20 to 70 at 40 kV and 30 mA automatic divergence slit system using Cu Ka radiation (l ¼ 1.54059Å). The particle size and microstructure of particles were analyzed using a Tecnai HRTEM operated at 300 kV electron accelerating voltage. The magnetization measurements of FF and MRF were performed on a Lakeshore vibrating sample magnetometer (VSM, Model no. 7304). The rheological and viscoelastic properties of all the samples were investigated using an MCR-301 rheometer (M/s Anton Paar). A special plate-plate spindle, TG16-MRD, was employed for all the measurements. A coaxial magnetic eld was applied in a perpendicular direction to the sample during the test. The gap between the measuring plate and the sample was always maintained, i.e. 0.3 mm for 0.3 mL ferrouid. The visualization of chain dynamics was observed on a twice diluted F-MRF sample using a rheomicroscopy setup by applying a coplanar magnetic eld. The rheomicroscopy setup consists of a CCD camera, objective, microscope tube and light source. The sample was illuminated from below. The equipment was warmed up for half an hour before the measurement and calibrated using a specied standard.
Results and discussion
Structural characterization
Fig . 2 shows the X-ray diffraction patterns of MRF and FF particles. The diffraction peaks and their intensity conrm the cubic spinel-type lattice characteristics of Fe 3 O 4 (JCPDS card no: 19-629). It can be seen that sharp diffraction lines indicate the presence of larger-sized particles while broad diffraction peaks conrm the nanosized magnetite crystalline phase. The shape and size distribution of F-MRFs particles was examined by HRTEM and shown in Fig. 3 . The ner particles, 10-15 nm, belong to FF whereas $250 nm particles correspond to MRF.
Magnetization measurement
The room temperature magnetisation measurements for FF and MR uids are shown in Fig. 4 
LðaÞf ðDÞdðDÞ where L(a) is the Langevin function,
is the log-normal size distribution of MNPs, H is the applied magnetic eld, k is the Boltzmann constant, T is the temperature, M s f is the uid magnetization, f is the solid volume fraction and M d is the domain magnetization. It is assumed that the large particles experience a higher magnetic moment energy than smaller ones. Therefore, the larger-sized particles can be oriented easily in the direction of a magnetic eld and saturate much faster at low eld strengths.
Rheological and viscoelastic measurements
3.3.1 Flow behaviour. The rheological measurements were carried out at room temperature. Fig. 5(a) shows the variation in viscosity with shear rate (0.1-1000 s À1 ) for FF, MRF and sample 'C' with and without a magnetic eld. In the absence of a magnetic eld, FF shows Newtonian behaviour while the viscosity of MRF and sample 'C' decreases with increasing shear rate, exhibiting shear thinning. At a lower shear rate, a disordered arrangement of particles enhanced ow resistance. When the shear rate increased, particles started to arrange their orientation along the direction of shear, which led to a decrease in viscosity. 36 However, in the presence of a magnetic eld, the viscosity of FF, MRF and sample 'C' increased and also demonstrated shear thinning behaviour. A similar trend has been observed for F-MRFs samples A, B and C. It is assumed that at low shear rate magnetically induced chain clusters sustain their existence due to dominant magnetic interactions while at high shear rate these structures break down and uid starts to ow. In Fig. 5(a) , it is remarkable to notice that the viscosity is increasing as the concentration of ferrouid particles increases and it is a maximum for sample 'C' i.e. 20% ferrouid nanoparticles. 17 The increase in viscosity is attributed to the occupancy of nanoparticles in microcavities formed among the micron-sized particles and also attached to the end of micron-sized particles due to dipole-dipole interactions forming a nanobridge. The rheological behaviour of F-MRFs could be described using the H-B model, 36 i.e.
where s H 0 and s 0 are yield stresses with and without magnetic eld respectively, s is the shear stress, k is the consistency index, n is the shear-thinning exponent and _ g is the shear rate. Fig. 5(b) indicates that the rheological measurements for samples A, B and C are in good agreement with this model. The term k _ g n shows the shear thinning behaviour of F-MRFs under the magnetic eld. The values of the shear-thinning exponent (n) analysed from this model are 0.8, 0.72, and 0.7 for samples A, B and C respectively. 3.3.2 Magnetoviscous effect. Fig. 6 shows the magnetoviscous effect of F-MRFs. The viscosity increases on increasing the magnetic eld intensity due to dipole-dipole interaction among the magnetic particles and the formation of chain-like structures in the direction of the magnetic eld. The magnetic dipole moment of a particle is given by m ¼ VcH, where V ¼ pd 3 /6, i.e. the volume of the particle, d is the diameter of the particle, c is the magnetic susceptibility of the particle and H is the applied magnetic eld. Fig. 7 shows the rheomicroscopic view of cluster formation in a twice diluted F-MRF sample under a magnetic eld of $500 G. These long chains provide a hindrance to the free ow of uid thereby resulting in increased viscosity. The formation of aggregates is opposed by Brownian dispersion, and the eld-induced aggregation versus Brownian dispersion can be expressed as a coupling constant,
where m 0 and H are the permeability of free space and the magnitude of the applied magnetic eld, respectively. T and k B are the absolute temperature and Boltzmann constant. For l [ 1, aggregation is highly favoured and commonly occurs in MR uids. 37 While for l ( 1, dispersion is favoured and is used as a design parameter for the ferrouid.
1 Due to the presence of micron-sized magnetic particles in the ferrouid the aggregation parameter is calculated for a nanosized magnetite sphere by
where m 0 M s is the saturation magnetization of the particles. The coupling parameter l is the key parameter that determines the equilibrium suspension of chain-like structures of magnetic particles. The value of l for micron-sized particles is much higher ($95.4) as compared to nanosized particles ($1.5), which reveals that the dipolar interaction among the varyingsized particles plays a dominant role in cluster formation. Thus, these exible chains grow with the increase in concentration and further strengthening of the applied magnetic eld.
Field-induced relaxation behavior.
A time-dependent viscosity measurement was performed to study the relaxation behavior in samples A, B, C and the results are shown in Fig. 8 . In this gure three regions can be considered as (I) magnetic eld OFF, (II) magnetic eld ON and (III) magnetic eld OFF. At the boundary of regions I and II is shown the formation of magnetically induced chain structures leading to an increase in viscosity due to enhanced dipolar interaction. On the removal of the magnetic eld, the viscosity decreases due to shear forces dominating, which destroyed the magnetically induced chainlike structures. However, the viscosity in region III is greater than the initial viscosity in region I. This indicates that part of the structures formed have not been destroyed or new aggregates have been re-established. The decrease of viscosity with time in region III (inset of Fig. 8 ) is related to the gradual distortion of aggregate structures i.e. breaking of CNBs as shown in the schematic for Fig. 8 , which indicates that magnetic particles retain some memory of the applied magnetic eld. 33, 38 3.3.4 F-MRFs gures of merit. There are several gures of merit which are related to the uid efficiency and dened as a ratio of the mechanical to the electrical power densities of a MR uid-based device. Fig. 9(a) shows the rst gure of merit F 1 ¼ s 2 /h as a function of shear rate. It reveals the dynamic range of the MR devices as well as the required MR uid volume and power consumption. 30 A signicant improvement in F 1 shows a shear-thinning behavior of the uids on increasing View Article Online nanoparticle concentration. Also, the gure of merit
as a function of shear rate is shown in Fig. 9(b) . This gure of merit is similar to F 1 except it is related to density and shows a small vertical change in the data. In general, both F 1 and F 2 exhibit better rheological behavior due to shear thinning at high shear rate. By comparing this gure of merit, the stability of sample 'C' seems to improve on pure MRF samples A and B at higher shear rates. Hence, it is found that the effect of smallsized particles in MRF plays a vital role in its stability. between the particles that form the microscopic structure of the suspensions. 39 However, the storage modulus increases with increasing weight fraction of nanosized particles, which indicates the enhanced interaction and formation of chain-like clusters. The loss factor (ratio of G 00 and G 0 ) as a function of magnetic eld strength is shown in Fig. 10(c) . This further indicates that magnetic interactions induce the formation of chains between nanosized and micron-sized particles.
Conclusion
Bidispersed F-MRFs with varying volume percentages of ferrouid nanoparticles have been synthesized and investigated for their structural, magnetic, magnetoviscous and viscoelastic properties. It is believed that the incorporation of nanosized particles in MR uid provides better stability and an enhancement in viscosity with an increase in the number density of particles. Addition of nanoparticles to MR suspension initiates the formation of strong chain-like clusters by lling microcavities created among the larger particles and the existence of these structures was conrmed by rheomicroscopy. Several gures of merit for F-MRFs-based devices were also compared in terms of uidity at high shear rate and also proved to be stable. The storage or elastic modulus (G 0 ) and the loss or viscous modulus (G 00 ) were determined as a function of the shear strain and results show that G 0 > G 00 . The Herschel-Bulkley model was used to characterize the rheological behavior of FMRFs.
